X-ray free-electron lasers (XFELs) provide femtosecond X-ray pulses with a narrow energy bandwidth and unprecedented brightness. Ultrafast physical and chemical dynamics, initiated with a site-specific X-ray pulse, can be explored using XFELs with a second ultrashort X-ray probe pulse. However, existing double-pulse schemes are complicated, difficult to customize or provide only low-intensity pulses. Here we present the novel fresh-slice technique for multicolour pulse production, wherein different temporal slices of an electron bunch lase to saturation in separate undulator sections. This method combines electron bunch tailoring from a passive wakefield device with trajectory control to provide multicolour pulses. The fresh-slice scheme outperforms existing techniques at soft X-ray wavelengths. It produces femtosecond pulses with a power of tens of gigawatts and flexible colour separation. The pulse delay can be varied from temporal overlap to almost one picosecond. We also demonstrate the first three-colour XFEL and variably polarized two-colour pulses.
X
-ray spectroscopy is a valuable tool for the study of electronic structure through core-level atomic excitation. Synchrotron facilities provide the narrow bandwidth and wavelength tunability required for a wide range of linear spectroscopies. For example, the anomalous density and heat capacity of water 1 , the dichroic properties of magnetic materials 2 and improved lithiumion-battery cathodes 3 are just a few of the phenomena investigated using X-ray absorption spectroscopy at synchrotron facilities.
Although single-photon spectroscopic techniques are used at synchrotron sources, there are a wide range of nonlinear optical spectroscopies 4 used throughout optical physical chemistry, from probing the properties of liquid solutions [5] [6] [7] to surface catalysis dynamics 8 , which do not translate into the X-ray regime at synchrotron intensities.
The advent of high-brightness, short-duration XFEL sources 9, 10 such as the Linac Coherent Light Source (LCLS) 11 , the SPring-8 Angstrom Compact free electron LAser (SACLA) 12 , the Free Electron laser Radiation for Multidisciplinary Investigations (FERMI) 13 and the Free-Electron LASer in Hamburg (FLASH) 14 allowed the exploration of nonlinear, ultrafast schemes. Studies of two-photon ionization 15 , double-core-hole spectroscopy 16 and time-resolved spectroscopy at the femtosecond level 17 are now possible. However, the adaptation of optical spectroscopies such as coherent anti-Stokes Raman scattering and most other multiwave techniques require two-or three-colour X-ray pulses.
There has been considerable progress in two-colour generation in XFELs. The first demonstration used a split undulator to deliver two colours 18 . Large colour separation was achieved with variable gap undulators 19 , and a high intensity was demonstrated with the twin-bunch scheme 20 . Narrow bandwidth two-colour beams were produced in the vacuum-ultraviolet 21, 22 and in the X-ray 23 ranges. Coherent control between the first and second harmonics has been demonstrated in the vacuum-ultraviolet 24 , and variable polarization of the probe pulse has been demonstrated with X-rays 25 . The split undulator method is the simplest and most flexible method for two-colour generation, but delivers only unsaturated pulses 18, 19, 25 . Alternatively, the twin-bunch method 20 delivers saturated pulses at the cost of a longer set-up time. The twin-bunch method also prevents the independent colour separation, delay control, variable pointing and large colour separation available with variable gap undulators. Unfortunately, neither of the schemes has generated three pulses.
Here we demonstrate the first fresh-slice XFEL capable of delivering multicolour, fully saturated photon pulses. The fresh-slice method retains the flexibility of the split undulator. The novel scheme is based on an electron bunch tailored with a temporal-transverse correlation, as recently proposed in a terawatt-attosecond scheme 26 , for an ultrawide bandwidth 27 and an independently developed two-colour scheme 28 . The correlation is generated by the transverse wakefield of a dechirper 29 upstream from the undulator line. The lasing slice within the electron bunch may be selected by controlling the electron bunch orbit in the undulator line. Each slice can lase to saturation in different undulator sections. The fresh-slice method provides pulse duration control and delivers two-colour pulses with a power of tens of gigawatts in a duration of a few to tens of femtoseconds. The first three-colour XFEL is demonstrated by taking full advantage of the LCLS 11 undulator layout.
Fresh-slice FELs
In an XFEL, a high-current, low-emittance electron bunch travels in a magnetic undulator, producing a narrow-bandwidth, high-power X-ray pulse at the resonant wavelength
where λ u is the undulator period, K is the undulator strength parameter and γ is the Lorentz factor of the electron bunch. To generate an electron bunch that is suitable for lasing, electrons are extracted from a photocathode, accelerated in a linear accelerator and compressed in two magnetic chicanes. The electron bunch at LCLS typically contains a charge of 180 pC at the exit of the linac, with a peak current between 0.5 kA and 5 kA and an energy between 2.5 GeV and 17 GeV. A transport section guides the electron bunch from the end of the linear accelerator to the undualtor line, where photon pulses of several gigawatts are produced at energies between 280 eV and 12.9 keV. A dechirper system has been designed 30 and installed at the LCLS in this transport section to control the time-energy distribution of the electron bunch with the energy losses induced by the timecorrelated longitudinal wakefield, as demonstrated in other experiments [31] [32] [33] [34] . The system consists of a pair of 2 m-long modules, one vertical and one horizontal. Each module is a corrugated aluminium structure that is capable of generating strong short-range wakefields. Control of the electron bunch phase-space and average transverse kick were experimentally demonstrated 35 , validating an analytical model 36, 37 . A fresh-slice FEL relies on a monotonic time-correlated transverse trajectory of an electron bunch. When an electron bunch travels off-axis in a dechirper it experiences a time-correlated transverse kick toward the closest metal jaw (see Fig. 1 ). The exact strength of the transverse kick as function of time depends on both the detailed current distribution and the trajectory of the electron bunch with respect to the metal jaws. For a single short bunch the kick strength is approximately parabolic 38 . Each electron bunch temporal slice follows a different trajectory in the strong focusing lattice downstream of the dechirper. Slices on the bunch head, which experience a negligible kick, travel on the same trajectory as when the bunch travels on the dechirper axis. Slices toward the bunch tail travel along trajectories with increasing betatron oscillations.
In an undulator section only slices travelling on a straight trajectory can effectively produce FEL light 39 . Thus by controlling the average electron bunch trajectory one can select which temporal slice of the electron bunch lases. This scheme can be used to control the photon pulse duration by increasing the transverse dechirper offset, or by exploiting the parabolic shape of the kick by steering the electron bunch toward a trajectory that is suitable to lase on the bunch tail. Controlling the pulse duration with the electron bunch orbit is a viable alternative to the slotted foil 40, 41 when high repetition rates may not allow a solid target to be struck with the electron bunch. Orbit-controlled pulse duration is also a useful alternative to laser heater shaping 42 , which is not limited by beam rate, but relies on manipulation of the electron bunch in an early stage of the machine. Slices travelling on large betatron orbits do not lase and thus remain fresh, retaining the lasing capability in a downstream undulator section.
Fresh-slice multicolour beams
Multicolour fresh-slice pulses can be produced at the LCLS by taking advantage of several features of the undulator line. Three undulator sections are separated by magnetic chicanes. The sections are 8, 6 and 17 undulator segments long. The last undulator segment of the third section is the variable polarization Delta undulator 25 . The other segments are permanent magnet undulators with a magnetic length of 3.3 m and a period of 3 cm that are capable of producing horizontally polarized light. A canted pole design allows for K to be adjusted between 3.44 and 3.51, and is routinely used for postsaturation taper and two-colour pulse generation 18, 43 . Magnetic chicanes, introduced to enable soft X-ray 44 and hard X-ray 23, 45 selfseeding, can be used to delay the electron bunch with respect to the generated photon beams. The first magnetic chicane can delay the electrons by up to 900 fs for energies up to 1.2 keV. The second magnetic chicane can delay the electrons by up to 50 fs. Each undulator segment can be repointed horizontally and vertically. Quadrupoles and dipole correctors located between each undulator segment allow for electron bunch focusing and trajectory control. Cavity beam position monitors located between each segment measure the transverse beam trajectory on a single-shot basis.
The schematic layout of a fresh-slice two-pulse FEL is shown in Fig. 1 . The electron bunch orbit is steered to have a tail slice that travels on the undulator axis before entering the undulator section. The head travels on an orbit with large betatron oscillations. In the first undulator section, tuned to K 1 , the tail lases at photon energy E 1 . Lasing can reach saturation and a suitable post-saturation taper can be applied to reach a power of tens of gigawatts. Dipole correctors located after the first section are used to steer the electron bunch to the head lasing orbit. The second undulator section is tuned to K 2 , for lasing at a photon energy E 2 . The tail does not lase in the second section because of an oscillatory orbit and the large spread in the slice energy that is incurred in the first section. Only the head slice lases in the second section, generating a second fully saturated pulse at E 2 .
The pulse generated on the bunch head precedes the pulse generated on the tail when the magnetic chicane is turned off. For typical LCLS operation, as in the conditions described in the twocolour tail lasing first section of Table 1 , this arrival time advance is 10-25 fs. The magnetic chicane delays the electron bunch with respect to the photon pulse that is generated in the first section, thus delaying the photon pulse that is generated in the second section with respect to the first. The additional delay can be controlled with subfemtosecond resolution and allows smooth scanning through the temporal overlap between the two pulses. This feature overcomes the minimum intrinsic delay limitation that is present in existing split undualtor schemes 18, 19, 25 . The scheme in Fig. 1 can be extended to multiple pulses by the addition of chicanes and undulator sections. At the LCLS three pulses with delay control may be generated using existing chicanes.
Both dechirper modules can be offset, providing a time-correlated orbit in the horizontal and vertical directions. Such an orbit can yield a better FEL suppression and shorter photon pulses, but the horizontal wake component hinders X-band transverse cavity analysis 46 , as the transverse cavity streaks the electron bunch horizontally to Figure 1 | Fresh-slice multipulse scheme. The electron bunch travels off-axis in the dechirper experiencing a strong transverse head-tail kick, represented by the yellow arrows. Electron bunch slices and trajectories are represented in blue for the head and red for the tail. Before the undulator line, the electron bunch orbit is steered to have the bunch tail travelling straight. A saturated FEL pulse at energy E 1 (orange oval) is generated on the bunch tail in the first undulator section tuned to K 1 . The bunch head does not lase because of the oscillating orbit. The bunch orbit is steered with dipole correctors near the chicane so that the bunch head is travelling straight. A fully saturated photon beam at energy E 2 (azure oval) is generated on the head in the second undulator section, tuned to K 2 . The magnetic chicane delays the electron bunch and therefore the photon pulse at E 2 with respect to the pulse at E 1 . With additional chicanes and undulator sections, multiple pulses can be generated on different bunch slices. The current LCLS layout allows for three pulses with controlled photon energies and pulse delays.
time-resolve the energy losses. When the horizontal module is used, the measurement requires a dedicated reconstruction algorithm 47 to deal with the additional nonlinear streaking.
The experimental demonstration of a two-colour fresh-slice FEL was performed at 707 eV with the machine conditions summarized in the two-colour tail lasing first section of Table 1 . Figure 2a shows single-shot and average spectra. A 3 MeV root mean squared (r.m.s.) electron bunch energy jitter creates artificial spectral broadening in the average spectrum. To minimize this effect, the average spectrum for shots with a bunch energy lying in a 1 MeV bin around 3,964.7 MeV is shown. For this reason, scientists usually analyse the experimental data retrieved with two-colour SASE schemes by binning the single-shots events by electron bunch energy, or with more refined filtering. The 15 eV colour separation, produced mainly by the different undulator strengths in the two sections, was too large to see both colours within the spectrometer range. Thus only the tails of the spectrum of each colour are visible.
The photon pulse on the bunch tail was at higher energy. Slices that didn't contribute effectively to the lasing process are visible between the two saturated bunch slices. Matching quadrupoles upstream of the dechirper and undulator quadrupoles between the inserted undulators were used to mitigate the temporal-slice correlated defocusing impressed by the transverse wakefield of the dechirper. On 1,000 consecutive shots the full beam intensity was measured as 732 ± 119μJ and the tail pulse only intensity was measured as 248 ± 83μJ. Confidence intervals are expressed as plus/minus a single standard deviation in this Article. The average power represents an improvement of over one order of magnitude compared to the split undulator configuration 18 , retaining the energy and even increasing the delay flexibility of that scheme. The soft X-ray self-seeding chicane was used to delay the head pulse up to hundreds of femtoseconds. Delay changes occurred in a few seconds without impact on the performance.
The bunch head can generate a more intense pump pulse than the tail. However, if the tail generates the probe pulse, the pulses cannot be overlapped. Experimental results at 640 eV from such a configuration are shown in Fig. 3 , with machine conditions summarized in the two-colour head lasing first section of Table 1 . Figure 3a -c shows single-shot time-energy phase spaces measured in three different conditions: lasing suppressed, pump pulse only and both pulses. The different conditions were set by impressing a large horizontal transverse orbit at different undulator locations. Figure 3d shows the undulator vertical orbit used to select the lasing slice. With the dechirper retracted, the entire bunch lases travelling on the 0 mm vertical orbit. When the dechirper is set to the desired offset, the electron bunch head travels on the former orbit and lases in the undulator line. The red-dashed orbit is the center-of-mass orbit recorded by the beam position monitors in this condition, and is therefore the head-lasing orbit. The black-dashed line is a tail-lasing orbit calculated by reversing the sign of the red-dashed orbit. The solid lines are measured single-shot vertical orbits for the presented electron bunch phase spaces. The lasing slice was moved to the bunch tail downstream of the soft X-ray magnetic chicane, and undulator segments between the two chicanes were retracted. Figure 3e shows the undulator horizontal orbit, kicks were supplied to suppress lasing in different sections. Figure 3f shows the X-ray temporal reconstruction from the electron bunch energy losses 46 and Fig. 3g shows the single-shot spectra corresponding to the phase spaces in Fig. 3b,c . On 1,000 consecutive shots, the pump-only intensity was measured as 492 ± 77μJ and the full beam intensity was measured as 792 ± 94μJ. The shot-to-shot intensity jitter is due to the low number of coherent modes present in each short pulse and the correlation of the selected lasing-slice with the bunch current and orbit jitter.
The fresh-slice scheme has been applied to produce two-colour pulses with polarization control of the second pulse using the variable polarization Delta undulator. The configuration was developed from the one in the two-colour tail lasing first section of Table 1 , by reverse tapering seven undulator segments in the second section and applying the beam diverting scheme 25 . The experimental conditions used are summarized in the two-colour with polarization control section of Table 1 . The beam intensity was measured to be 404 ± 93μJ with the Delta undulator set on resonance in a circular polarization mode. Figure 4 shows the average and single-shot probe pulse spectra measured with the Delta undulator turned on and off around 700 eV. The limited spectrometer range does not show the second colour at 715 eV. The high 35:1 contrast indicates a very high degree of circular polarization of the probe pulse. The pump pulse intensity was measured as 230 ± 67μJ by turning off the Delta undulator. Part of the pump pulse was lost on the collimating jaw inserted to block the linearly polarized photon pulse that is produced to microbunch the electron bunch in the second section.
The first three-colour XFEL with colour separation and delay control was demonstrated at the LCLS with the fresh-slice scheme at 780 eV. Beam conditions are summarized in the three-colour configuration section of Table 1 . Both dechirper modules were offset to better preserve a low electron bunch energy spread on the fresh slices. The first colour was generated on the electron bunch tail, the second colour on the bunch core and the third colour on the bunch head.
The eight undulators before the soft X-ray chicane were tuned to the first colour, the six undulators between the soft and hard chicanes were tuned to the second colour and all subsequent undulators were tuned to the third colour. Figure 5a ,b shows the lasing off and lasing on single-shot electron bunch time-energy phase spaces. Figure 5c ,d shows the measured vertical and horizontal electron bunch orbits in the undulator line. The green trajectory was perturbed after the soft X-ray chicane to show only the contributions from the first pulse. The orange trajectory was perturbed one undulator segment after the hard X-ray chicane, producing two saturated pulses. The single undulator following the hard X-ray chicane is tuned to the third colour, so a weak contaminant pulse at the third colour is expected from the orange trajectory. The blue trajectory is unperturbed in the entire undulator line, producing three intense pulses. Corresponding colours are used for the single-shot and average spectra in Fig. 5e . The average spectra were measured by considering shots with electron bunch energies between 4,135.5 MeV and 4,136.5 MeV, and their intensities were 134 µJ, 217 µJ and 363 µJ. The second colour produced in the 6 undulator modules between the soft and hard chicanes also grew in the 15-undulator-segmentlong third section when the orbit was unperturbed. Such growth is permitted by a zero delay in the magnetic chicanes and a K value in the third section that is close enough to the K value of the second section to allow for some amplification at the second colour in a long undulator section. Finally, by slipping forwards, the strong pulse produced in the second section could seed the fresh-electrons on the bunch head. The single-colour average intensities reported in the Table 1 were calculated without filtering on the electron bunch energy and thus include machine jitter. The electron bunch energy jitter was 2.9 MeV r.m.s. To compute the intensities, the average spectra were fit with a Gaussian distribution for each colour.
Discussion
We demonstrated the first multicolour fresh-slice FEL. An electron bunch travelling off-axis in a dechirper experiences a head-tail time-correlated transverse kick toward the closest metal jaw. By steering the orbit of the electron bunch in the undulator section it is possible to control which temporal slice of the electron bunch lases. The duration of the pulses can be controlled by manipulating the dechirper offset and the undulator orbit. A solid emittance spoiler 40 is not required. Two-colour soft X-ray beams were produced with an increase in power of more than one order of magnitude over the split undulator scheme 18 . The 30 GW X-ray power is 50% larger than is achieved in state-of-the-art experiments from the twin-bunch 20 mode in the same energy range. This method grants more flexible colour separation and delay control. Short pulses from a few to tens of femtoseconds are produced by this scheme. The scheme also allows for pump and probe pulses to be scanned through zero time delay.
The first demonstration of a three-colour, three-pulse X-ray FEL with control over the delay and colour separation was also presented.
The fresh-slice method allows fresh-bunch self-seeding schemes with a seed pulse that is generated on the bunch tail. The seed may be amplified on the bunch head after passing through a monochromator 48 . Two saturated pulses can be separated spatially by repointing the undulator sections. With additional mirrors such beams could serve different experimental stations, increasing the multiplexing capability of an XFEL facility.
